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ABSTRACT
We model the time dependent radio emission from a disk accretion event in a
T-Tauri star using 3D, ideal magnetohydrodynamic simulations combined with a
gyrosynchrotron emission and radiative transfer model. We predict for the first time,
the multi-frequency (1-1000 GHz) intensity and circular polarisation from a flaring
T-Tauri star. A flux tube, connecting the star with its circumstellar disk, is populated
with a distribution of non-thermal electrons which is allowed to decay exponentially
after a heating event in the disk and the system is allowed to evolve. The energy
distribution of the electrons, as well as the non-thermal power law index and loss
rate, are varied to see their effect on the overall flux. Spectra are generated from
different lines of sight, giving different views of the flux tube and disk. The peak flux
typically occurs around 20−30 GHz and the radio luminosity is consistent with that
observed from T-Tauri stars. For all simulations, the peak flux is found to decrease
and move to lower frequencies with elapsing time. The frequency-dependent circular
polarisation can reach 10−30% but has a complex structure which evolves as the flare
evolves. Our models show that observations of the evolution of the spectrum and its
polarisation can provide important constraints on physical properties of the flaring
environment and associated accretion event.
Key words: radiation mechanisms: non-thermal – magnetic reconnection – stars:
flare – variables: T-Tauri – polarization – radio continuum: stars
1 INTRODUCTION
T-Tauri stars are dynamic and variable low mass objects,
with classical T-Tauri stars in particular hosting large and
dense circumstellar disks (Feigelson & Montmerle 1999).
They frequently exhibit flaring-like activity that generates
significant levels of radio and X-ray emission. This emission
is thought to be a result of the reconnection of magnetic field
lines, either within the inner magnetosphere of the star itself
or from interaction of the stellar and accretion disk’s field
lines (Osten & Wolk 2009). This is similar to the behaviour
seen in emission signatures from solar flares (Benz (2008),
Fletcher et al. (2011) and more recently by Fleishman et al.
(2020)) although on a considerably larger scale. Observa-
tions of the radio (and X-ray) emission from these pre-main
sequence stars can probe the physical environment and pro-
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cesses involved in the star-disk interaction, which includes
its role in transferring material from the disk to the star,
driving stellar outflows and extracting the angular momen-
tum from the system. By modelling flaring emission we can
learn more about these environments, as well as enabling
the comparison of results to flares on other stars in addition
to T-Tauri observations.
The non-thermal radio and thermal X-ray emission gen-
erated in T-Tauri flares was explored by Waterfall et al.
(2018) (hereafter referred to as Paper I). In that work a
flux tube connecting a T-Tauri star to its disk was de-
fined and populated with non-thermal and thermal parti-
cles, within a background hydrostatic coronal atmosphere.
The 3D GX simulator (Nita et al. 2015), which calculates gy-
rosynchrotron emission and absorption using fast algorithms
from Fleishman & Kuznetsov (2010), was used to calculate
the X-ray and radio emission generated from this ‘flaring’
flux tube. A multipolar (dipole plus octupole) magnetic field
was used and the parameters were varied to give a range
© 2019 The Authors
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Figure 1. Schematic of a flaring flux tube connecting a star and
its circumstellar disk. Magnetic reconnection occurs at the la-
belled X-point between the field lines of the disk and star. Non-
thermal particles gyrate from this point towards the stellar surface
along the field lines. The highest particle density is at this loop
top in the high temperature region.
of possible X-ray and radio luminosities that might be ob-
served. The typical luminosities from this model were logLX
(erg s−1) = 30.5, logLR (erg s−1 Hz −1) = 16.3. These lumi-
nosities are several orders of magnitude higher than those
obtained from solar flares, as expected from these active T-
Tauri stars. The flux tube used was over 1011cm in length,
containing plasma temperatures and densities that were also
larger than typical solar flare values (Shibata & Yokoyama
1999; Shibata & Magara 2011). However, the modelling did
not explore the effect of time on the emission. In contrast
with Paper I, we here use a time dependent 3D magneto-
hydrodynamic (MHD) model of a flaring atmosphere and
accretion disk system (Orlando et al. 2011). The model fol-
lows accretion onto a star, induced by a flaring event that
triggers the development and evolution of a flux tube that is
populated with non-thermal electrons. An overview of this
set up is shown in Fig. 1.
Accretion and flaring in young stars have previously
been investigated through MHD modelling: Orlando et al.
(2013) modelled accretion shocks onto the surface of classical
T-Tauri stars that are generated from plasma moving along
non-uniform field lines. They performed 2D ideal MHD sim-
ulations and found that the magnetic field properties heavily
influenced some of the plasma’s properties.
Other models investigate accretion onto young stars us-
ing time-dependent MHD with different magnetic field con-
figurations, such as Long et al. (2012) and Robinson et al.
(2017). Long et al. (2012) used global 3D MHD simulations
to model stellar accretion for stars with multipolar magnetic
fields. Robinson et al. (2017) also looked at multipolar field
configurations, as well as purely dipole fields for comparison,
through a 1D time-dependent model.
Some previous work has also considered the emission
generated from these events, such as Sacco et al. (2008).
They performed 1D hydrodynamical (HD) simulations to
model the effect of accretion onto the chromosphere and the
resultant X-ray emission and densities that are produced.
Sacco et al. (2010) again modelled this accretion through
flux tubes connecting the star and disk and discussed the X-
ray emission and observations from these regions. The idea
of a flaring loop connecting an inner disk to its young star via
a magnetic flux tube was also explored in 1D hydrodynamic
modelling performed by Isobe et al. (2003).
X-ray and radio emission are key signatures of solar and
stellar flares occurring and are used in tandem to define the
Gu¨del-Benz relation (Gu¨del & Benz 1993). This relationship
correlates these two emissions generated in the coronae of
magnetically active stars:
LX
LR
≈ 1015.5 (1)
where LX and LR are the X-ray and radio luminosity
respectively. The relation holds for a range of flares, from
solar microflares up to large main sequence flares.
This relationship was extensively explored for T-Tauri
stars in Paper I. Both the X-ray and radio luminosity of
observed flares as well as a range of modelled flares were
compared to the relationship and found to lie under it, in-
dicating an overproduction of radio emission. This provides
a useful tool for assessing the predictions of models, and we
will revisit this with the results of the present model. How-
ever, our main goal here is to develop time-dependent pre-
dictions of observing radio signatures from gyrosynchrotron
emission due to non-thermal electrons and heated plasma,
based on a realistic 3D model of a flaring atmosphere. We
will consider how a flare might appear from different lines
of sight, predicting intensities in different frequencies as well
as degrees of circular polarisation.
Results from a 3D MHD model (Orlando et al. 2011) are
used along with a flux tube containing non-thermal particles
in calculating the gyrosynchrotron emission from a flaring T-
Tauri star. The background of this MHD model, discussion
of the flux tube (and non-thermal particles) and a descrip-
tion of the fast GS simulations used to calculate the emission
is given in Section 2. The results of these simulations will
be discussed in Section 3 and the effect of varying some of
the model components such as the power law index and dis-
tribution of particles is explored in Section 3.2. The results
are summarised and discussed in Section 4.
2 THE MODELS
In Paper I we used the GX simulator to calculate the ther-
mal and non-thermal radio and X-ray emission from a flar-
ing loop approximating that from a T-Tauri star (with mass
and radius equal to that of the Sun) (Nita et al. 2015). The
GX simulator has been designed to enable three-dimensional
modelling of the emission from solar flares and is download-
able via the solar software (SSW) distribution website: http:
//www.lmsal.com/solarsoft/ssw_install.html. The GX
simulator is based on fast gyrosynchrotron codes devel-
oped by Fleishman & Kuznetsov (2010). These codes work
by calculating the gyrosynchrotron emission along one-
dimensional lines of sight. It is these original codes that are
adapted here to model the radio emission from the numerical
magnetohydrodynamic model of a heating event in a circum-
stellar disk around a T-Tauri star. These codes (hereafter
referred to as the fast GS simulations) have been adapted to
cover an entire simulation, integrating across multiple lines
of sight. The fast GS simulations allow us more flexibility
over the 3D GX simulator, for example allowing the use of
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the time evolving 3D physical properties (density, temper-
ature and magnetic field structure) from the MHD simula-
tion of Orlando et al. (2011) to model the emission from a
T-Tauri star over several hours. These fast GS simulations
allow us to produce spectra and calculate gyrosynchrotron
emission from a predefined flaring flux tube, using a semi-
empirical model of the non-thermal electrons within the tube
(Section 2.2).
2.1 3D MHD model
The data from Orlando et al. (2011) describes the modelling
of a flaring event in the magnetosphere of a rotating classical
T-Tauri star that leads to accretion from the disk onto the
stellar surface. The 3D MHD model involves a central star
with mass and radius of M = 0.8M and R = 2 R, respec-
tively, surrounded by a thick quasi-Keplerian disk. The star
rotates with a period of 9.2 days about an axis coincident
with the normal to the disk mid-plane and has a dipole like
field aligned with the rotation axis and of strength ≈ 1 kG
at the stellar surface. Initially the disk is dense, cold, and
isothermal with a temperature of 8 × 103 K. The disk is
truncated by the stellar magnetosphere at Rt = 2.86 R∗. The
corotation radius, where a Keplerian orbit around the star
has the same angular velocity as the staraˆA˘Z´s surface, is
Rco = 9.2 R∗. The corona of the star initially is isothermal
with a temperature of 4 MK and density 108 − 109 cm−3.
The model takes into account the gravitational force,
the disk viscosity, the magnetic-field-oriented thermal con-
duction (including the effects of heat flux saturation), the
radiative losses from optically thin plasma, and the coro-
nal heating (including a component describing the station-
ary coronal heating, plus a transient component triggering
a flare). The flaring event is created by initiating a transient
heat pulse that is switched off after 300 seconds and allowed
to evolve. This heat pulse is released at a distance of 5 R∗
from the stellar surface, just outside the surface of the accre-
tion disk, namely well below the corotation radius Rco. The
heat propagates along the field lines connecting the disk to
the star, thus creating a hot flaring loop between the star
and heated region. The star-disk system and the flaring loop
at t = 1.2 hours are illustrated in Fig. 2. The three lines of
sight that will be considered, along the X, Y and Z axis, are
also shown. The Z line of sight looks down onto the disk,
in the XY plane whereas the X and Y lines of sight look
side on through the disk. We take a general approach us-
ing these three lines of sight, rather than selecting a specific
inclination for a particular T-Tauri star. Modelling of any
observed T-Tauri star in the future should account for the
specific inclination with respect to the line of sight.
We use several time shots of data, some while the heat
pulse is still active but most after it is switched off. Fig. 3
shows how the flaring loop develops and evolves. The figure
shows the distributions of density (upper panels) and tem-
perature (lower panels) on planes perpendicular to the XY
plane and passing through the middle of the flaring loop
at 24, 3144, and 9917 seconds. The lines represent sam-
pled poloidal magnetic field lines and the arrows describe
the velocity field. The magenta line delimits the region with
plasma β < 1 on the left of each panel. The heat pulse is
confined to a small area (see panels on the left of Fig. 3),
compared to the loop (middle and right panels of Fig. 3).
Figure 2. Edge on view of the central star surrounded by its
accretion disk at t = 1.2 hours. The hot flaring loop that has de-
veloped joins these two regions. The dipolar magnetic field con-
figuration at this time is shown in green.
This simulated flaring loop proved to match analysis from
observations well, in terms of its size, maximum tempera-
ture, and peak X-ray luminosity (Favata et al. 2005; Orlando
et al. 2011). As the heat is conducted to the disk, part of
the local disk material evaporates in the outer stellar atmo-
sphere. A small fraction of this material is channelled into
the loop and accretes onto the star; however, most of this
evaporated material is not confined by the magnetic field
and propagates away from the central star in the outer stel-
lar corona (see the velocity field in Fig. 3). Furthermore the
flare strongly perturbs the disk: an overpressure develops in
the disk at the loop’s footpoint and travels through the disk,
reaching its opposite side in few hours. When this happens,
a funnel flow starts to develop there, accreting substantial
disk material onto the star from the side of the disk opposite
to the flare.
We focus our analysis during the first phase of evolu-
tion, namely when the hot magnetic loop develops. Next, we
describe how non-thermal electrons (which are not included
within the MHD model) are treated.
2.2 Non-thermal electron model
In order to model the non-thermal electron distribution,
we assume that particle acceleration (associated with mag-
netic reconnection) is cospatial and cotemporal with the
heating. The accelerated electrons are trapped in a closed
magnetic flux tube. This flux tube is comprised of the field
lines threading the flaring region. The non-thermal electrons
quickly spread along the flux tube and are eventually lost.
We do not model the processes by which these particles
are lost (e.g. collisional scattering), instead assuming a phe-
nomenological constant decay time.
In orderAˆa˘to model theAˆa˘emission from non-thermal
MNRAS 000, 1–11 (2019)
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Figure 3. Development of the thermal density (top three panels)
and temperature (bottom three) of the system at 24, 3144 and
9917 seconds after the heat pulse is initiated. The formation of a
hot flaring loop is seen to occur between 24 and 3144s.
electrons, we first identify the energy release region, then
trace the magnetic field and determine the flaring loop, i.e.
the volume magnetically-connected to the acceleration re-
gion (denoted by the location of the heat pulse). Then the
flaring loop is populated with energetic electrons. This flux
tube is anchored to the stellar surface at two points (its
footpoints) and has its apex within the heat pulse region.
The field lines connected to this region are traced and
selected only once,Aˆa˘at the start of the simulation. We as-
sume that the magnetic field is ”frozen” on the stellar sur-
face and, hence, the footpoints locations remain the same.
Therefore, at later times the flux tube volume is identified by
tracing the magnetic field from the footpoints.Aˆa˘Whilst the
star is in fact rotating, the rotation period (9.2 days) is far
greater than the simulation time (approximately 9 hours).
There is a strong convergence of the field between the
loop’s apex and stellar surface, leading to a very small loss
cone angle. Also, as we are using results from ideal MHD
simulations any electric field effects are negligible. Thus, the
main effects to consider are magnetic mirroring and colli-
sional losses. In deciding upon the spatial distribution for
the non-thermal electrons, a simple Gaussian function was
used:
n = noe
− l2
s2 (2)
where n is the non-thermal particle density (cm−3), no is
the loop top density, l is the distance from the loop top along
the flux tube and s is the confinement length scale. Such
a distribution is used for modelling solar flare non-thermal
electrons (Fleishman et al. 2018). Varying the parameter
s controls the distribution of particles throughout the flux
tube, as discussed in Section 3.2.2.
As the injection site of the electrons is at the loop top in
the high temperature region, this is where the density peaks.
A value of 10 percent of the thermal density at that same
location was chosen for the initial value of the non-thermal
electron density. A 3D visualisation of sample field lines that
comprise the flux tube is shown in Fig. 4. The non-thermal
electrons filling the flux tube have a density distribution
shown by the colour scale along these field lines, i.e. the
highest particle density is at the loop apex. The flux tube is
Figure 4. 3D visualisation of sample flux tube field lines and
how the density of the non-thermal particles vary along them,
from 169 to 749s. The non-thermal density throughout the tube
is measured in cm−3 and is highest at the top of the loop. The flux
tube changes shape and position over time, but remains anchored
at the same footpoints throughout.
largely obscured along the X and Y axis by the circumstellar
disk but is more visible along the Z line of sight, looking
down onto the disk. The density decreases to a minimum
near the footpoints.
The non-thermal electrons are assumed to have an en-
ergy distribution defined by a single power law:
n()d = A−δd (3)
for 0 <  < max where A is a normalisation constant. The
energy range used was 0.1MeV<  < 10MeV. We have cho-
sen the higher than default (as in Nita et al. (2015)) 0 value
to reflect the higher plasma temperatures observed from
these sources compared with solar flares. Initially, the power
law index, δ, is set at 3.2 throughout the simulation. The
electron pitch angle distribution is assumed to be isotropic.
Despite the effect of magnetic mirroring trapping the
particles, the density will eventually decline with time. The
injection site of the non-thermal particles is located at the
heat pulse site, i.e. the loop apex where magnetic reconnec-
tion is assumed to take place. As the particles gyrate along
the field lines they move in the direction of the footpoints
anchored to the stellar surface. The approximate relativistic
travel time of a 1.0 MeV electron along a half loop length
is ≈ 18 seconds. It is therefore reasonable to assume that
the electrons have time to propagate close to the footpoints.
However, due to the small loss cone angle it is expected that
these particles are initially mirrored and remain on the field
lines. This is reinforced by examining the approximate trap-
ping time of these electrons. The trapping time (Aschwan-
den et al. 1997) of a 1.0 MeV electron within a fully ionised
plasma (with temperature and density equal to those used
in this model) is ≈ 2000 seconds. Therefore it is assumed the
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electrons are magnetically trapped and are able to bounce
back and forth multiple times before eventually being lost,
either to space or impinging on the stellar surface. To param-
eterise this, an exponential time decay component is added
after 300s of the form:
e−
t−300
to (4)
where t (> 300s) is the time (in seconds) during the
simulation and to has some constant value representing the
trapping or decay time. Initially to is set as 2000s to en-
sure all non-thermal particles have decayed away by the end
of the simulation. This parameter is varied later on in Sec-
tion 3.2.3 to see its effect on the light curves.
The loop top non-thermal density decreases for all sub-
sequent times, as there is no further electron acceleration
after the explosive energy release due to magnetic recon-
nection in the first 300s. This is seen in Fig. 4, with the
peak non-thermal density dropping in magnitude as time
progresses.
2.3 Fast GS simulations
We use fast GS simulations, based on the fast gyrosyn-
chrotron codes developed by Fleishman & Kuznetsov (2010),
to calculate the gyrosynchrotron emission from this flaring
event over time. The fast GS simulations calculate the emis-
sion and corresponding spectra for 1D lines of sight. Each
individual line of sight consists of a predetermined number
of nodes (100 in this case) with a specific cross section and
length passing through the MHD simulation grid, see Fig. 5.
We use these GS simulations to calculate the emission in
each of the X, Y and Z planes, integrating multiple lines of
sight to cover the whole region.
The data from Orlando et al. (2011) gives us the in-
put for temperature, thermal density and magnetic field,
see Section 2.1. From these, the non-thermal density is also
calculated (discussed in detail in Section 2.2) as well as the
angle between the magnetic field and line of sight. The elec-
tron energy distribution is set as a single power law with an
isotropic distribution in pitch angle. This is generally a good
description of solar flares (Benz 2008).
3 RESULTS
3.1 Initial results
3.1.1 No added non-thermal particles
First, we explore the case of thermal gyrosynchrotron emis-
sion that is calculated only from the MHD model of the
flaring star. The thermal density in the flaring region at
early times is dwarfed by that of the dense accretion disk.
However at later times the density from the flaring region
is comparable to that of the surrounding disk and a clear
loop shape forms (see lower panels of Figure 3). Overall, the
thermal emission spectra for all times is dominated by the
emission from the large accretion disk.
Spectra were generated covering the domain where the
flux tube established in Section 2.2 was not populated with
any non-thermal particles. The disk is still present and the
evolution of the system as a result of the flaring heat pulse
is observed. There are still thermal particles present (not
Figure 5. Schematic of how the 1D fast GS simulations work.
The radiative transfer equation is solved along each line of sight,
with multiple lines of sight being used to cover the whole field of
view. Lines of sight used are in the X, Y and Z direction. The Z
line of sight (shown here) looks down onto the disk while the X
and Y axis are orientated to look through the disk edge on.
Figure 6. Spectra for the thermal case, at 96 and 9917 seconds
after the heat pulse is initiated. The total intensity (measured in
mJy for a distance of 140pc) for all Z lines of sight in the domain
is calculated and plotted over a frequency range of 1-1000 GHz.
constrained to field lines) and fluctuating over time in the
vicinity of the heat pulse, as well as variations in the tem-
perature. Fig. 6 shows the spectra for this thermal system at
96s and 9917s seconds after the heat pulse is switched on. At
96s, the total intensity increases over 4 orders of magnitude
over the 1000 GHz range of frequencies. The spectral profile
rises gradually with no peak.
In general, the 9917s spectrum has a similar shape and
intensity as for the 96s case. Its flux rises steadily over several
orders of magnitude between 1 and 1000GHz. The intensity
MNRAS 000, 1–11 (2019)
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between the two spectra differ at most by approximately
0.15mJy at 50 GHz, due to the changing thermal density
and distribution over time (Figure 3). In comparison, Fig-
ure 7 shows how the added non-thermal electrons lead to a
more dramatic change in intensity of approximately 5mJy
at 50 GHz between the same time steps.
The thermal spectra for the remaining time steps are
similar to those shown above so are not shown here. The
same is true for the respective spectra along the X and Y
lines of sight.
3.1.2 Emission from non-thermal particles
The next step in exploring the gyrosynchrotron emission
from this modelled event is the inclusion of non-thermal
particles. It has been shown that the electrons rapidly fill
the flux tube, extending down to the footpoints where they
are magnetically trapped. The gyrosynchrotron emission re-
sulting from populating this flux tube, and the effect of the
injected non-thermal particles over time are now explored.
Fig. 7 shows spectra generated at seven different times
and over the three lines of sight. The model results have
been scaled to give the flux of the source at a distance of
140pc, approximately that of Taurus (Mooley et al. 2013).
Starting at the earliest time, 48 seconds after the heat pulse
is started, the flux tube is chosen to be comprised of the
field lines passing through the region of highest tempera-
ture. The non-thermal particles are distributed in the loop
as described in Section 2.2 with the loop top non-thermal
density chosen as ten percent of the thermal density at that
same point. Outside of the volume filled by this flux tube, the
non-thermal density is zero. This distribution remains con-
stant until 300s onwards, when the number density along the
loop is allowed to decay exponentially. This time decay con-
stant is chosen so that by the last time shot the non-thermal
density is insignificant enough that the spectra relaxes back
to the thermal spectra seen in Fig. 6. The peak non-thermal
loop top density, with this baseline parameter set, occurs at
169s with a value of 1.78×108 cm−3.
Looking at the top (X LOS) panel in Fig. 7, the addi-
tion of non-thermal particles leads to a ‘bump’ in the spec-
tra around 20 GHz. The maximum peak occurs at 169s with
a total intensity of 6.33 mJy (at a distance of 140pc) and
corresponding frequency of ≈18 GHz. However the spectra
for 48 and 169s have very similar profiles and peak values
below 100 GHz. As time progresses the total intensity and
frequency of the peak decline. Near the end of the simu-
lation the non-thermal bump is small and occurs around
2 GHz with the spectra in general resembling that of a purely
thermal case. So, in general, the fewer non-thermal particles
present (e.g. at later times after the particles have decayed
away), then the lower the peak flux and frequency.
At frequencies greater than 100 GHz the spectra all have
a similar shape, with less influence from the non-thermal
particles. At 1000 GHz the highest total intensity is at 48
seconds, decreasing with increasing time. This highest to-
tal intensity is 18.1 mJy. At the lowest frequencies (around
1 GHz) the lowest total intensity is found for the latest, low-
est non-thermal density, time shot at 0.823 mJy.
These patterns are similar for both the X and Y lines
of sight in Fig. 7. The main differences between the lines of
sight are in the total intensities at relevant frequencies. For
Figure 7. Spectral results for gyrosynchrotron emission gener-
ated along the X, Y and Z axes for the whole region. The total
intensity is measured in mJy, and is calculated for a frequency
range of 1-1000 GHz at a distance of 140pc. By the end of the sim-
ulation the spectra has relaxed to a nearly thermal state with no
influence from the non-thermal particles. The different coloured
lines correspond to successive times, given in seconds from 48 to
31688s.
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Figure 8. Plot of peak flux of the gyrosynchrotron ‘bump’ in mJy
(left axis, blue) and corresponding frequency (right axis, red), over
time (in seconds) along the Z LOS.
the Y LOS, the highest peak occurs at 48 seconds at 9.12
mJy and ≈24GHz. Unlike for the X LOS, this is the highest
total intensity across all frequencies. The highest total in-
tensity at 1000 GHz is 1.55 mJy. The pattern of decreasing
peak frequency for increasing time remains the same. The
low frequency total intensities are of a lower magnitude than
for the X line of sight also (0.408 mJy at 1 GHz for 31688s).
The main factor causing the differences in these spectra
is the different magnetic field orientation relative to the line
of sight. The final panel in Fig. 7 shows the spectra for the
Z line of sight at different times. Again, the overall pattern
remains similar to that discussed previously. There is a non-
thermal influenced bump around 20 GHz with the spectra
rising to higher total intensities past 100 GHz. The highest
non-thermal induced peak occurs at 8.57 mJy and ≈30 GHz,
at 169 seconds. As time progresses the peak flux drops and
moves to a lower frequency once the heat pulse has been
switched off. This is illustrated in Fig. 8. The top plot show
this trend over all times for the Z line of sight. There is an
increase in flux and peak frequency as the heat pulse evolves
up to 300s which then drops and flattens out more at later
times.
It is also useful to consider the light curves in specific
frequencies, showing how intensity varies with time. The re-
sults of these for the Z LOS are shown in Fig. 9. The corre-
sponding X-ray light curve (0.6-12 keV band) from Orlando
et al. (2011) is shown in the second panel. The frequen-
cies used in the radio light curves correspond to the lower
frequency observing bands on ALMA (Wootten & Thomp-
son 2009; Huang et al. 2016) and the bands planned for
SKA (Braun et al. 2017). The radio light curves are given in
terms of their luminosity, so as to be easily comparable with
the Gu¨del-Benz relationship discussed in Paper I (Waterfall
et al. 2018). At early times, the radio luminosity peaks in
higher frequency bands. Specifically, the highest radio lumi-
nosity occurs for 35 GHz, which is much higher than these
flaring stars are currently typically observed at (most are
taken below 10 GHz, for example: (Osten & Wolk 2009; Dzib
Figure 9. Top: Radio light curves at different frequencies (solid
lines). The different colours correspond to different frequencies.
The time range is 24-31688 seconds. The pre-flare background
luminosities at these frequencies are given as the solid points at
t = 0. LogLR (erg s−1 Hz −1) ≈ 2.35×1016 × [mJy flux value at
140pc]. Bottom: X-ray light curve from Orlando et al. (2011).
et al. 2013)) . As the peak luminosity drops, the frequency of
this peak also decreases as time progresses. Similar patterns
are seen for the X and Y LOS.
At late times, when there are few non-thermal particles
remaining, the highest luminosities are observed at the high-
est frequencies because it is dominated by thermal emission.
However, the change in luminosity at these higher frequen-
cies (e.g. 90 GHz) over all time is smaller when compared
with the 35 GHz changes.
The markers at t = 0 in Figure 9 are the pre-flare back-
ground luminosities at each frequency. This background is
not subtracted from the spectra so that the spectra more
closely represent the flux expected in observations. It should
be noted that the simulation period considered here (approx-
imately 9 hours) is less than the original MHD simulation (48
hours). Consequently, the system has not completely relaxed
to its pre-flare state at some frequencies, e.g. at 1.4GHz.
The X-ray luminosity (taken from Orlando et al. (2011))
of this event peaks around 500s, after the heat pulse is
switched off. In contrast, the radio luminosity peaks at 169s,
while the flare is still active. This result agrees with patterns
observed in solar flares (Benz 2008). During the impulsive
phase, the microwaves peak and drop off sharply. During the
secondary, decay phase the thermal X-rays reach their peak.
Figure 9 shows how the X-ray luminosity decreases more
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rapidly than the radio luminosity at first. The flare itself is
only partially confined to the magnetic field in the MHD
simulation. This causes a large and rapid loss in accreting
disk material that is not trapped in the generated star-disk
loop. The most relevant characteristic of this X-ray spec-
trum is the value of the peak itself. This peak luminosity,
as stated by Orlando et al. (2011), is comparable to those
observed in the brightest of X-ray flares on young stars.
As discussed in Paper I, the radio luminosity of these
flaring stars is higher than expected when compared with the
Gu¨del-Benz relation. From Fig. 9 the radio luminosity peaks
at logLR (erg s
−1 Hz −1) = 17.3, while the corresponding X-
ray luminosity peak places the model just below the Gu¨del-
Benz relation (seen in Paper I).
The radio luminosities obtained so far are consistent
with observational results. However, there are certain pa-
rameters within the model which can be varied to see their
effect. These include the distribution of particles within the
loop, the decay rate of the non-thermal electrons and the
power law index. The results of varying these are discussed
next.
3.2 Varying the parameters of the non-thermal
electrons
The complete equation governing the distribution and loss
of electrons in the flux tube is (combining Equation 2 and
Equation 4):
n = noe
− l2
s2 · e− t−300to (5)
In this section s, to and δ (power law index; see Equa-
tion 3) are all varied from their standard values (s=1.0,
to=2000 and δ=3.2) All the resulting spectra and light
curves are given for the Z LOS, unless otherwise specified.
3.2.1 Power law
The first parameter that was varied was the power law in-
dex (Equation 3). Initially, the power law index was set at
δ=3.2 for all times (the same value used in Paper I). As the
non-thermal particles are lost, the particle spectrum will be-
come steeper over time (Benz 2008). To model this we al-
lowed δ to increase linearly over time to reach δ=6 by the
final time step. Overall, the number of non-thermal particles
decays over time, as before, but the gyrosynchrotron emis-
sion is affected by the spectrum of the non-thermal electrons
as well as number. Hence, we model the effect of allowing
δ to change. The result of this increasing δ is a faster de-
crease in peak flux of the radio spectra over time, see Fig. 10.
This effect can also be seen in the simulation of solar flares
by Fleishman et al. (2020), movie S2. As they increase the
power law index, the spectral peak moves to a lower inten-
sity.
When there are no non-thermal particles present, the
thermal spectrum is generated from mostly low energy par-
ticles. The inclusion of non-thermal electrons with a sin-
gle power law of index δ = 3.2, gives a spectral peak seen
around 20 GHz, due to the addition of higher energy elec-
trons to the system. The smaller power law indices represent
Figure 10. Results of increasing the power law index of non-
thermal particle energy over time on the Z LOS spectra. Time
steps are the same as for previous spectra, index values used are
labelled for each spectrum.
a larger proportion of higher energy particles which repre-
sents the larger number of non-thermal electrons present at
the start of the simulation when compared with the end.
As time progresses, this power law index increases and the
energy distribution becomes steeper, limiting the number
of higher energy electrons. This leads to spectra becoming
more ‘thermal’ in shape, with the peak generated from the
non-thermal particles flattening out. This is seen in the spec-
tra of Fig. 10 compared to the Z LOS spectra from Fig. 7.
At earlier times, the peaks are similar, with the power law
index not increasing noticeably until later times where the
system relaxes to a thermal state much faster than when
the index was a constant value. The addition of an increas-
ing power law index therefore results in the spectral peak
being reduced faster and pushed to lower frequencies as the
contribution of higher energy particles is reduced.
3.2.2 Distribution along the loop
The distribution of non-thermal particles within the loop is
defined by Equation 2. As described in Section 2.2, l is the
distance from the loop top to one footpoint, or the loop half
length. The factor which controls the distribution within the
loop, s, is initially set as this half loop length. As is seen in
Fig. 4 the density is always highest at the apex of the loop,
dropping off to a minimum at the footpoints.
The parameter s was varied to investigate the effect on
spectra of different spreads in non-thermal electrons within
the loop. The results from using two values of s are shown
in Fig. 11. The top two panels show the spectra along the Z
LOS for s parameter values of 0.3 times the half loop length
(same as the Z LOS spectra in Fig. 7) and 1.5 times the half
loop length.
Also shown in Figure 11 is a 3D visualisation of these
two different distributions along the field lines (and through-
out the total flux tube) at 4112 seconds (bottom two panels
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Figure 11. Spectra along the Z LOS resulting from changing the
non-thermal electron density spatial distribution (top two plots).
Two different configurations (s = 0.3 and 1.5) are considered over
the seven time steps. The results for s = 1.0 are seen in the Z
LOS spectra of Fig. 7. Bottom images are 3D visualisation of sam-
ple flux tube field lines at 4112s and their electron distributions.
Colour bar units are cm−3.
of Fig. 11). For a smaller value of s, the particles are more
constrained to the loop top while a larger s value leads to a
more even distribution from the apex down towards the foot
points. The point of highest non-thermal density is found in
the s = 0.3 plot as the total mass is conserved before the
time decay component is added (Equation 4).
For the more compact distribution (s = 0.3) in Fig. 11 it
is clear the system relaxes to a thermal state quicker than for
the more extended distribution of electrons and has a lower
peak flux overall. However, the peak in emission occurs at
1790s, later than the 169s seen for the other distributions
and lines of sight. Overall, however, the pattern of the spec-
tral evolution is similar. After the peak flux is reached, the
decay of the non-thermal particles leads to the decrease in
peak flux and frequency at subsequent times. The spectra for
s = 1.0 and 1.5 are generally similar in shape. However, the
larger concentration of higher density particles along the last
loop leads to a higher peak flux at earlier times before the de-
cay of non-thermal electrons starts. These spectra agree with
those for solar flares from Kuznetsov et al. (2011), where a
more confined electron distribution towards the loop top re-
sults in a lower intensity and lower frequency of the spectral
peak.
3.2.3 Time decay
The exponential time decay of the non-thermal electrons
after 300s is given by Equation 4. As was previously dis-
cussed, to is initially set at 2000s. This parameter was var-
ied from 100s to 20000s to consider the effect of varying the
loss rate of the electrons. The results of varying this for two
different time decay constants (500s and 1000s) are shown
in Fig. 12. The three different frequencies for these light
curves are taken from Fig. 9, where the light curves for a
time constant of 2000s is shown.
The smaller to value of 500s leads to a more rapid drop
in radio luminosity, indicating the increased loss rate of the
non-thermal electrons. The choice of time decay constant
has no effect on the frequency at which the emission peaks,
with spectra for all values of to peaking at 35 GHz as in
Fig. 9.
3.3 Polarisation
One important measurable quantity from observations of
stellar flares is the degree of circular polarisation (CP). Cir-
cular polarisation is produced from regions that produce gy-
rosynchrotron emission from the gyration of mildly relativis-
tic electrons along magnetic field lines. The circular polar-
isation detected from a source can vary depending on the
field strength and viewing angle, as well as the pitch-angle
anisotropy of non-thermal electrons (Fleishman & Melnikov
2003). A stronger line of sight magnetic field strength pro-
duces a larger degree of circular polarisation. This quantity
is therefore closely related to the direction of the magnetic
field relative to the line of sight, and potentially provides
a diagnostic of the magnetic geometry. The degree of CP is
calculated for our fiducial model along all 3 lines of sight over
the frequency range 10-1000 GHz. The results are shown in
Fig. 13.
A common feature in Fig. 13 is the complexity in both
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Figure 12. Light curve results for three different frequencies
when the time decay constant to is varied. The standard value
for previous results is 2000s (see light curve from Fig. 9). The
different to values considered here are 500s and 1000s. A smaller
to value leads to the faster loss of non-thermal particles from the
system. Radio luminosity units are [erg s−1 Hz −1].
time and frequency, which are both also dependent on the
viewing angle chosen. There is a significant degree of CP
with a decrease in absolute CP towards zero as time pro-
gresses across all three lines of sight. This is due to the
reduction in number of non-thermal electrons in time. By
31688s there is zero polarisation over all three LOS as the
emission is no longer gyrosynchrotron in nature. The CP
also approaches zero for all three LOS at high frequencies.
This is to be expected from looking at the spectra in Fig. 7.
At high frequencies (> 100 GHz) there is no contribution to
the emission from the non-thermal electrons.
All three LOS plots display the results in the 10-
1000 GHz range. The lower frequency emission (below
10GHz) is unpolarised for the X and Y LOS. The Z line of
sight however does show some degree of circular polarisation.
This is due to optical depth effects at low frequencies. In op-
tically thick regions, the sense of polarisation corresponds to
either the O-mode (ordinary) or to no polarisation at all. As
the X and Y LOS are looking through the dense disk this
polarisation becomes zero at these low frequencies. The Z
LOS however shows some polarisation in the O-mode as it
is looking down upon the disk and unobscured flux tube.
In optically thin regions however, the sense of polari-
sation corresponds to the X-mode (extraordinary) so circu-
lar polarisation is detectable at these higher frequencies (>
10 GHz). We have already seen this optically thin region ap-
pearing in spectra due to the presence of non-thermal par-
ticles. The behaviour of this CP in optically thin regions
varies between all 3 LOS however. Looking at the 3D flux
tube visualisations in Fig. 4, the axis that looks along the
magnetic field the most is the Y LOS. The X LOS looks
more in the direction across the field lines while the Z LOS
looks down onto them. As the Y LOS is orientated in this
way the degree of CP generally does not reverse sign over
time.
Both the X and Z LOS have positive CP initially, chang-
ing to negative at later times. The change of sign in polarisa-
tion can be due to absorption effects or the radiation passing
through a region where the field changes direction. However,
this effect is also seen looking across flux tubes over time in
solar flares. Huang et al. (2018) reported a change in sign of
circular polarisation from the rise to decay phase of a flare.
4 SUMMARY AND CONCLUSIONS
The variable radio emission from a flaring T-Tauri star has
been modelled, based on previous MHD simulations (Or-
lando et al. 2011). For the first time, predictions of the
multi-frequency intensity and circular polarisation for a T-
Tauri star undergoing a flare have been made. The gyrosyn-
chrotron emission and circular polarisation across the X, Y
and Z directions of the system have been calculated (for a
total simulation time of ≈ 9 hours).
A fast gyrosynchrotron code accounting for emission
and absorption due to the thermal and non-thermal plasma
is used to calculate the gyrosynchrotron emission from the
system for a range of observable scenarios (Fleishman &
Kuznetsov 2010). The non-thermal emission originates from
a predefined flux tube comprised of a field lines connecting
the star to the flaring region near the inner radius of the
circumstellar disk. This flux tube is populated with a Gaus-
sian distribution of non-thermal electrons. The flux tube’s
apex is located at the site of the flare, close to the inner
edge of the circumstellar disk. After the flaring heat pulse
is switched off, an exponential time loss component is ini-
tiated, allowing for the decay of non-thermal electrons over
time.
The fiducial model results are consistent with those
from Paper I, as well as with observations. There still re-
mains the departure from the Gu¨del-Benz relation at radio
frequencies, even given the lower non-thermal density used
compared to in Paper I. The peak radio luminosity from
this model is logLR (erg s
−1 Hz −1) = 17.3 . In Paper I the
peak luminosity from the fiducial model was logLR (erg s
−1
Hz −1) =16.3. These new results further support the idea
that these stars produce relatively large amounts of radio
emission, associated with their strong magnetic fields, when
compared with main sequence stars.
In Paper I, the physical properties of the system (such
as flux tube densities and surface field strengths) were var-
ied. In this work there are only three varied parameters: the
time decay constant (controls the rate at which electrons
are lost from the system), the power law index (a similar
effect) and the spatial distribution of electrons within the
loop. The time decay constant is the least well constrained
of these variables. More extensive observations of flares and
their variable radio emission will allow tighter constraints
on this parameter, and indeed the other parameters in the
model.
This paper extends the work done in Paper I by us-
ing both an improved model for the magnetic geometry and
flaring flux tube as well as including time dependency. As
expected, the radio luminosity decreases with time for all
frequencies after the heat pulse is switched off. However,
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the peak of this luminosity also moves to a lower frequency
with time. As more non-thermal electrons are lost, the lower
the frequency of the peak in emission becomes. The major-
ity of observations of flaring T-Tauri stars are taken below
10 GHz, however our model shows the peak fluxes occurring
around 30 GHz.
The circular polarisation for all three lines of sight
across the system and over all times was also calculated.
There is complex behaviour over time and frequency. The
degree of polarisation varies considerably, depending on the
orientation considered, the frequency, and the time step.
This is potentially an important observational diagnostic,
but multi-frequency observations of the polarisation, and
careful interpretation in comparison with a model are es-
sential.
The properties of the radio emission predicted by our
models are testable through future observations. Observa-
tions at higher frequencies are possible with current observa-
tories, however simultaneous, multi-frequency, polarisation
observations have not yet been performed. Future observa-
tories such as the ngVLA (McKinnon & Selina 2018), SKA
(for lower frequency observations, (Braun et al. 2017) as well
as Athena for X-ray flares (Barcons et al. 2017) will provide
opportunities for such observations. A possible next step in
modelling these flares includes the use of a resistive MHD
model. Such a flare model, driven by magnetic reconnection,
will allow for the simulation of the energy release as well as
the trapping and loss of energetic particles.
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Figure 13. Degree (%) of circular polarisation at different times
over the 10-1000 GHz frequency range. All 3 LOS are shown.
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